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Abstract
Here we present a quantitative proxy for determining opal dissolution in deep sea 
sediment cores. The ratio of organic carbonxalcite production in the ocean is thought to 
affect global climate by changing CO2 levels in the atmosphere. The diatom-dominated 
opal producers generate significant organic carbon and have the ability to sequester 
organic carbon from the atmosphere to the ocean floor. Thus using diatom accumulation 
rates to reconstruct diatom production is important to climate research. However, opal 
and organic carbon accumulation rates reflect both variable production and preservation. 
Separating these factors is crucial to estimating past opal and organic carbon fluxes. The 
Eastern Equatorial Pacific is an important area for ocean/atmosphere carbon exchange, 
and yields different opal accumulation records for sites influenced by Equatorial 
divergence and Peru upwelling; the former shows an opal accumulation rate decrease for 
the last glacial, and the latter shows an increase compared to the Holocene. Differential 
diatom preservation was diagnosed via a four-stage preservation index using the vellum 
of the centric diatom Azpeitia nodulifer, to determine whether these differences are 
related to production or preservation. These records may provide evidence supporting 
the ‘silica leakage’ hypothesis for enhancement of the equatorial biotic pump in the Peru 
upwelling system during the last glacial.
We find similar dissolution records at both sites from the last glacial maximum 
through the Holocene, implying that production, not preservation, controlled the 
accumulation rates. This supports a role for silica leakage in the eastern equatorial 
Pacific. Additionally, we find that diatom preservation is not related to either opal 
accumulation rates or sediment focusing. Therefore, some other factor(s) at the in the 
production zone or within the water column must control the dissolution variations we 
observe.
Abstract
Here we present a quantitative proxy for determining opal dissolution in deep sea sediment cores. The ratio of 
SuTganic carbon:calcite production in the ocean is thought to affect global climate by changing CO2 levels in the 
atmosphere. The diatom-dominated opal producers generate significant organic carbon and have the ability to 
sequester organic carbon from the atmosphere to the ocean floor. Thus using diatom accumulation rates to 
reconstruct diatom production is important to climate research. However, opal and organic carbon 
accumulation rates reflect both variable production and preservation. Separating these factors is crucial to 
estimating past opal and organic carbon fluxes. The Eastern Equatorial Pacific is an important area for 
ocean/atmosphere carbon exchange, and yields different opal accumulation records for sites influenced by 
Equatorial divergence and Peru upwelling; the former shows an opal accumulation rate decrease for the last 
glacial, and the latter shows an increase compared to the Holocene. Differential diatom preservation was 
diagnosed via a four-stage preservation index using the vellum of the centric diatom Azpeitia nodulifer, to 
determine whether these differences are related to production or preservation. These records may provide 
Widence supporting the ‘silica leakage’ hypothesis for enhancement of the equatorial biotic pump in the Peru 
upwelling system during the last glacial.
We find similar dissolution records at both sites from the last glacial maximum through the Holocene, 
implying that production, not preservation, controlled the accumulation rates. This supports a role for silica 
leakage in the eastern equatorial Pacific. Additionally, we find that diatom preservation is not related to either 
opal accumulation rates or sediment focusing. Therefore, some other factor(s) at the in the production zone or 
within the water column must control the dissolution variations we observe.
1.1 Introduction
It is observed that nutrients in the surface waters of the eastern equatorial Pacific (EEP) are largely derived from 
two distinct upwelling systems (Sarmiento et al, 2004). Each of these systems leaves its own record of fossil 
plankton. Upwelling off Peru brings deep Antarctic sourced, nutrient-rich water. Farther away from the coast, 
W  source of upwelling is relatively shallower waters brought up via the equatorial divergence (Dugdale et al, 
2004). These two areas show different opal accumulation records from the last glacial maximum (LGM)
through recent times, which can be seen in two example ocean cores, ODP 846B (Peru system) and ODP 849B 
(equatorial divergence) (Figure 1).
The EEP is important globally because the upwelling of nutrients causes increased primary production 
in this area and hence increased exchange of CO2 with the atmosphere (Takahashi et al, 2002). The fossil 
records produced by the upwelling systems in this region provide invaluable insight into the ocean’s response to 
global warming and cooling. Phytoplankton affect the partial pressure of CO2 (PCO2) in the ocean and send 
carbon bound in organic molecules to the ocean floor (Dugdale et al, 2004). The composition of the plankton 
communities directly influence the ocean’s pCCh; dominance by the silica producers sends carbon to the ocean 
floor, whereas the production of calcite releases CO2 into the atmosphere. Both communities generate organic 
carbon (orgC), most of which is respired in the water column and part of which is sequestered in the sediments. 
Of course, changing the levels of dissolved CO2 in the ocean changes atmospheric CO2 concentrations ([CO2]). 
Hence the plankton community influences atmospheric [CO2]. The fossil plankton record provides a proxy for 
these changes over time. Analysis of the planktonic response to changing [CO2] may allow us to infer what 
''Ganges may occur in response to the continued burning of fossil fuels. Glacial/interglacial cycles provide an 
analogy of this anthropogenic change. We studied the past 25ka, encompassing the last glacial maximum and 
the transition to the Holocene interglacial. These changes were accompanied, and possibly caused, by changes 
in atmospheric p CO2 (Archer et al, 2000).
Loubere (2000) and Loubere et al. (2003) showed that the eastern equatorial Pacific has regional 
productivity responses to glacial/interglacial cycles. Records from the Peru margin differ from those of the 
open ocean equatorial band. Although, both regions show glacial productivities that are reduced compared to 
modem conditions, the opal accumulation rate in Peru margin sediments was highest during the LGM while the 
equatorial zone shows a higher opal accumulation rate in modem sediments than in glacial.
ODP 846B, representing the Peru margin and upwelling of subantarctic waters in the EUC, shows a 
general decrease in the rate of sediment accumulation and a decrease in opal accumulation from the Last Glacial 
W^ximum (LGM) to the Holocene. This accumulation rate decrease can be seen with both the Mass 
Accumulation Rate (MAR) and the thorium normalized methods (Richaud et al, 2006), and is unique to the
Peru upwelling area. ODP 849B shows the reverse, with a general increase in the rate of sediment and opal 
accumulation, for both MAR and Th-normalized methods, from the LGM through the Holocene (Richaud et al, 
S*/()6). This pattern is typical of the Pacific basin during this time period.
The opal accumulation rates are affected by both production and preservation. Interpreting these data 
require an assessment of preservation and/or dissolution to separate these two signals. Preservation indices exist 
for calcite (CaCC>3) (Mekik et al, 2002), however no quantitative assessment of preservation has been made for 
opal (Si02*nH20). Such an index for opal would allow for a reconstruction of paleoproductivity and hence 
estimates of the amounts of orgC produced by diatoms, the dominant producer in the planktonic community 
(Smetacek, 1998). This is important to the issue of global warming and greenhouse gas exchange as plankton 
communities respond to climate change.
It has long been assumed that diatom preservation is highest in areas of high sediment accumulation. 
Johnson (1976) provides a qualitative estimate of opal preservation that is typical of all attempts made so far. 
His diatoms were “examined microscopically, and estimated to be “well,” “moderately,” or “poorly” preserved 
''W the basis of their condition in the upper meter of all cores examined”. This approach leaves room for 
subjective assessment, and assumes that preservation is constant over the upper meter of core. In an attempt to 
improve our ability to estimate opal preservation, we have created a preservation index using the common 
centric diatom Azpeitia nodulifer (Figure 2). Here we describe our methods and observations on preservation 
over the past 25kyr in the EEP for two cores (ODP 846B and ODP 849B) in which the diatom A. nodulifer is 
continuously present.
1.2 Methods
1.2.1 Sample Preparation -  Sediment samples were transferred from plastic storage bags into clean glass screw- 
top vials with an aluminum spatula. The spatula was cleaned between samples. 2-3ml of nanopure water were 
added to each sample, in order to prevent intense reaction in subsequent acid treatments from damaging diatom 
^^ive faces. Chemical treatment follows Scherer’s (1994) method. 1ml of 10% HC1 was added to each sample 
to dissolve carbonate and the sample was allowed to react for one hour. This acid treatment does not
necessarily dissolve all calcite (partially dissolved coccoliths were found in some samples after preparation) but 
uniform treatment was required to insure any dissolution due to chemical treatment was consistant throughout 
samples. Next, 2ml of 10% H2O2 was added to oxidize organics, and the samples were allowed to digest for 
another two hours. Finally, 6ml of NaPC>4, sodium metaphosphate, was added to each sample to disassociate 
clay minerals. Samples were left for a final soak of 16 hours in their acid baths.
The samples were washed via repeated centrifugation. Each sample was spun down eight times at 
1200rpm for 3 minutes per spin. Samples were then returned to their glass screw-top containers with de-ionized 
water for storage.
A few drops (2-5 depending on the concentration of each sample) of each sample were removed to 
separate glass containers. This was diluted with more distilled water. Each sample was strewn onto a 12mm 
diameter round glass coverslip. Samples were dried onto the coverslip with low heat, then glued to scanning
o
electron microscope (SEM) stubs with carbon paint and gold coated (500 Angstroms) in a Denton Vacuum
T^esk II sputter coater for viewing under high vacuum in a JEOL 5610LV SEM.
In addition, settled slides were created as in Scherer (1994). These slides were used to determine 
relative abundances of all diatom species within both cores, and absolute diatoms/gram dry weight of sediment.
1.2.2 Preservation Indices -  The areolae of Azpeitia nodulifer are covered by a uniform mesh-like silica
microstructure called a vellum (pi. vella). The vella were categorized into four preservation states. State one
(least dissolution) is an intact vellum. State 2 is a partially intact vellum. State three is a vellum completely
dissolved, but with the connective pegs still in place. State four (most dissolution) is the vellum and all pegs
around the areolae completely dissolved (Figure 3).
Our second and third index are a simple measure of whole to half fragments of Thalassionema
nitzschiodes and Fragilariopsis doliolis. A  higher ratio implies better preservation. Counts were taken for
these indices with the settled slides mentioned above.
W
1.2.3 Data Collection -  In each sample, thirty specimens of the diatom Azpeitia nodulifer were counted. An 
SEM image of each valve was taken; all images were taken at x5000 magnification. An image of a valve was
S«ken only if the central process was visible and intact to insure that no broken valve was double counted. In 
addition, the images were taken of the central process region because the marginal region of the valve is 
generally thinner, and therefore more susceptible to dissolution. For each A. nodulifer valve, at least thirty 
areolae were examined. No areolae were counted if they were not fully visible in the image.
All of the areolae were classified into one of the four preservation states (Figure 3). The percent of each 
of the four preservation states counted on each valve was calculated. These were averaged for the entire 
sample. The combination of these four averages represents the “average valve”. A sample with an average 
valve that had a high percent of state one is well preserved, and a sample with an average valve having a high 
percent of state four is poorly preserved.
1.3 Results
^WSoth ODP sites show variation in our preservation indices. Qualitatively, we did not find data patterns that 
matched with the opal accumulation rates of our cores. The accumulation rates for ODP846B and ODP849B 
are shown in Figure 4. It is compared to our estimate of diatom numbers per gram of sediment, and the two 
match well. We use the diatom number to represent opal accumulation rate since the number counts are done 
on the same material used for the preservation indices, allowing for direct comparison. We find no patterns of 
change that associate the relative abundances of species with opal accumulation, or with any of our dissolution 
indices. There is no increase in the number of robust taxa with increasing dissolution; any dissolution occurring 
is not enough to affect the representative assemblage of diatom species.
In ODP846B, the Azpeitia index is variable on the timescale of 5 to 7 thousand years (Figure 5). There is no 
longer term trend apparent in the data. In ODP849 there is a notable interval from about 10 to 14 kyr when 
dissolution in Azpeitia is elevated. Otherwise, preservation state is similar between the Holocene and the late 
f a c ia l .  The average values of the preservation indices are similar for the two sites. Overall, the preservation 
record patterns of the two sites are dissimilar, although neither shows a trend on the Holocene to glacial
timescale. This differs from the calcite preservation proxy of Mekik et al. (2002) as presented in Loubere et al 
(2004) where there is a strong trend to improved preservation from Holocene to glacial which is shared by both 
Sflfe ODP sections.
In order to test all our preservation indices against opal accumulation (as represented by diatom number), we 
combined our data from the two ODP sites and used Principal Components Analysis (PCA) to separate trends 
over time. The results of this are shown in Table 1. The analysis was conducted on the correlation matrix of 
the Azpeitia preservation state indices, the two fragmentation indices and the diatom number. The Azpeitia 
states used were 1, 2 and 4. State 3 was not used because matrix closure with the calculating of percents leads it 
to be inversely correlated to State 4, so no further information is added by its inclusion in the analysis. The 
components extracted by PCA are orthogonal, so each represents a unique, uncorrelated, pattern of change 
through time on our cores.
Component 1 in the PCA analysis isolates the diatom number, the trend of which does not match that of our 
preservation indices. There is some inverse correlation with Azpeitia State 2. Figure 6 shows the records for 
W&tes 1 and 2. These are variable as is State 4, and show only a modest longer term trend towards lower values 
in the glacial.
Component 2 in the PCA analysis isolates the Azpeitia dissolution states, contrasting State 4 (most 
dissolution) with State 1 (least dissolution). Figure 7 shows plots of the Component scores against age for the 
two sites. These may show a modest trend to better glacial preservation for ODP846 (increasing scores and an 
inverse correlation to preservation state 4) and the reverse for ODP849. However, this is not well defined and 
shows no statistical relationship to changing opal accumulation rates.
Component 3 in the PCA analysis groups our fragmentation indices, which share a common response. The 
scores for this component are shown in Fig. 8. There is no trend in these data for ODP846, but may be for 
ODP849 which shows decreasing preservation from the Holocene to the glacial. This decrease might be 
expected if the flux of opal to the seabed decreased in glacial times. The data here would indicate that such a 
V O p could lead to poorer preservation, but that the likely increase for ODP846B did not lead to improved
preservation. Hence, preservation as recorded by fragmentation in our selected species does not have a simple 
relationship to opal accumulation rate and interpreted flux.
'^Figure 9 show the sediment accumulation rates for the ODP cores as calculated by Loubere and Richaud 
(2006) using a newly derived age model based on radiocarbon dates. These data show a general increase in 
accumulation rates from the Holocene to the glacial at ODP846B with a peak in the late deglacial. The primary 
driver for this pattern is the improving preservation of calcite back in glacial times, along with a production 
peak in the 10-14kyr time period (Loubere and Richaud, 2006). For ODP849, sediment accumulation rates may 
not have changed much over the past 25 kyr, although a late deglacial peak is possible. These sediment patterns 
do not match with our diatom preservation indices, showing that overall sediment accumulation rates did not 
influence opal dissolution, at least for the range of conditions we sampled.
1.4 Discussion
'weir opal preservation indices show no clear relationship to the opal accumulation rates we have measured for 
ODP sites 846 and 849. These locations have inverse opal records reflecting the regionally of productivity 
responses in the eastern equatorial Pacific. The glacial increase in opal accumulation rates for ODP846 has 
been associated with a shift to increased diatom production during climate cold phases (Richaud et al., 2006). 
This may indicate the impact of silica leakage, via equatorial undercurrent water derived from the subantarctic, 
on the tropical Pacific. Because of the deeper depth of supply of nutrient rich waters, the leakage effect would 
be strongest in areas affected by Peru upwelling, and become weaker in the shallower equatorial divergence 
farther to the west.
Our preservation data show that the opal accumulation rate records for the ODP sites are not primarily driven 
by changing dissolution. Preservation may have been variable, and different, at the two locations; but changes 
have not been large enough to seriously distort the relationship of accumulation rate to production. Hence, the 
\^Z)P opal accumulation rate data appear to genuinely reflect diatom production changes on the glacial- 
interglacial timescale.
It is interesting that the preservation records of the two sites differ from one another, and differ from 
preservation recorded for calcite in the same sections. Calcite dissolution appears mostly controlled by bottom 
Shelter chemistry. We don’t know if this could be the case for opal, but the difference between the sites argues 
against it.
The reasons for the variations in diatom preservation state as we have recorded them remain largely a 
mystery. We observe distinct changes downcore which are not immediately related to phenomena which could 
affect opal dissolution. Also, the dissolution cycles we see do not correlate from core to core. It may be that we 
are observing the imprint of mixed layer or deeper water column processes on the diatoms, rather than seabed 
phenomena. We currently lack the information necessary to test these possibilities. An integrated project 
combining sediment trap, surface sediment and downcore studies would be necessary to ferret out in detail the 
processes responsible for our observations.
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Figure 1. Location Map. The locations of the two ODP cores; colors represent sea surface cholorphyll 
(SEAWIFS) associated with upwelling productivity.
Figure 2: Azpeitia nodulifer. Valve face and margin can be seen; note the central process.
Figure 3: Preservation States. Clockwise from top left: state 1 to state 4.
gure 4: Opal. Opal accumulation and diatoms/gram dry weight for both cores
1 0 0 t
w
A. nodulifer
^ ‘gure 5: Dissolution. The average percent state 4 and state 3 for both cores; increased state 4 corresponds to 
W^reased dissolution (decreased preservation).
































Swr^ure 7: Component 2. The calculated PCA values for the second component.
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Figure 9: Sediment Accumulation. Mass accumulation rate of bulk sediment for both cores. Data from 
Loubere and Richaud (2006).
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